The major mechanisms of gas permeation through solid membranes are described and the applicable equations describing the permeance are presented. The mechanisms depend on the relative size of the permeating molecules and the diameter of the pores. As pore size decreases the operable mechanisms are Hagen-Pouiselle flow, Knudsen diffusion, surface diffusion, gas-translation, and finally solid-state diffusion. The Hagen-Pouiselle mechanism involves flow through large pores, while the Knudsen mechanism involves collision of molecules with the walls of pores of intermediate size. Surface diffusion deals with movement of molecules trapped in the potential field of the walls of pores of relatively small size, while gas-translation involves molecules that can escape the field, but are constrained by the small pores. Finally, solid-state transport comprises dissolution and transport by diffusion within the solid. These mechanisms are illustrated for hydrogen permeance with the use of two membranes, an alumina membrane with intermediate sized pores and a silica on alumina membrane of dense structure.
Introduction
Common technologies employed for gas separations include solvent absorption, pressure swing adsorption, cryogenic distillation and membrane separation. Compared with other methods, membrane separation technologies have economic potential in reducing operating costs, minimizing unit operations and lowering energy consumption 1)～3) . For these reasons and because of the increasing demand for high purity gases, the development of effective gas separation membranes has engendered considerable interest in academia and industry 4)～6) . Desirable characteristics of separation membranes are high hydrogen flux at low pressure drops, tolerance to contaminants, mechanical strength, low cost, and operation at a range of system temperatures 7) . The objective of this review is to describe different mechanisms of permeation in inorganic membranes and the characteristics of these mechanisms. This is an important aspect of membrane development as it allows identification of the limiting steps, and possible means of improving the performance of the membranes. This review will also describe as a concrete example the permeation of hydrogen and other gases through supported silica membranes. This is of interest because the system manifests the contributions of different mechanisms, and provides a tangible illustration of the interplay between different physical processes.
General Considerations and Mechanisms
In membrane science performance is most commonly associated with two properties, permeability and selectivity, so much work on membrane development has revolved around understanding of these properties. The permeability, PMi [mol ・m 
The selectivity is obtained most simply by the ratio of the single-gas permeabilities or permeances. These should be measured at the same conditions. 
However, oftentimes the actual selectivity can deviate strongly from that defined above because of interactions between the species with each other or with the walls of the membranes. For example, the preferred adsorption or absorption of one species in the pores of a membrane can block the passage of other species. Thus, single-gas selectivities should be taken as a limiting case approximation.
A fundamental expression for transport in membranes is derived from 
The diffusivity in Fick's first law is the ordinary molecular diffusivity, Di(c) [m 2 
・s
-1 ], which may have a concentration dependence. In the case of membranes an effective diffusivity, De,i is used, where the porosity ε and tortuosity τ of the membrane are included. The tortuosity is a factor that accounts for the increased length of a pore by the presence of twists and turns. For example, if a single straight pore is replaced by one having a single 90° turn, the tortuosity would be 2 or 1.4. In an early treatment the relative diameters of the diffusing molecules, dm, and pores, dP, was taken into account through a restrictive factor Kr 8) .
For many membranes dm/dp is small, so Kr is unity. There have been many proposed mechanisms with a variety of materials based on various interaction and diffusion processes. These mechanisms are in broad terms distinguished by the ratio of pore diameter dp to kinetic diameter dm of the gas molecule. As the pore diameter becomes smaller, that is with increasing value of dm/dp, the interactions between the molecule and the surface become larger in proportion to the ratio of the area of the surface potential field to the pore volume. Therefore, the state of the permeating gas molecule changes from a "gaseous state" to a "trapped state." It is important to note that, because of the wide range of pore sizes in membranes, the distinction between each mechanism is not always obvious.
Gas transport in membranes can occur through a number of possible mechanisms 9) . These include bulk Poiseuille flow for large pores, Knudsen diffusion for intermediate size pores, size-restricted diffusion and surface diffusion for small pores, and bulk diffusion for very small pores or no pores 10),11) . Sometimes, depending on the conditions and the properties of the permeating molecules, two or more of these processes can occur simultaneously.
1. Hagen-Pouisselle Mechanism
The Hagen-Pouisselle mechanism is operative when the pore diameter is large compared to the mean free path of the molecules and transport is by bulk fluid flow through the large pores. Assuming that the fluid is Newtonian, the following expression for the average velocity ν [m・s
], may be derived, where dp is the diameter of the pore, μ [kg・m・s
] is the viscosity, l is the length of the pore, po is the inlet pressure, and pL is the pressure at a distance L.
With suitable manipulation this gives rise to the following expression for the flux
Taking into account the porosity ε and tortuosity τ of the membrane, and the pore area per total volume, a, which is related to the pore area per membrane volume av, gives the following expressions:
where ε is the porosity of the membrane, τ the tortuosity, R the gas constant, T the absolute temperature [K] and M is the molecular weight of the diffusing gas 13) . Gas transport by Knudsen diffusion occurs in the gaseous state without involvement of adsorption because the interaction between diffusing molecules and pore wall is negligibly small. The Knudsen permeance is given by:
where L is the thickness of the membrane.
3. Surface Diffusion Mechanism
Surface diffusion occurs at low temperatures when gas molecules cannot escape from the surface potential field because the interaction between the inner surface and gas molecules becomes strong compared to their kinetic energy. This mechanism becomes important with relatively small pores because of the relatively high proportion of surface area compared to pore volume. In the surface diffusion mechanism, gas molecules adsorb onto the surface of the membrane at the pore entrance, diffuse through the membrane, and desorb at the pore exit. In the adsorption process, numerous models have been reported in the literature based on different assumptions about the state of the adsorbed gas. In membrane applications for gas separation, adsorption is often well below a monolayer, and so can be described by the Langmuir adsorption model 14) , 15) .
where θ is the fractional occupancy of adsorption sites, q is the amount of adsorbed gas molecules per unit mass of adsorbent [mol ・kg 
where ΔHa [J・mol -1 ] is the enthalpy of adsorption. Using this equation, the concentration of diffusing gas in the membrane is expressed below when Kp 1 as:
where ρ is the density of the gas molecule [kg・m
]. Surface diffusion processes are usually described using a Fickian hopping model. The movement of molecules is visualized as involving jumps of the molecules between adsorption sites along the pore wall surface, passing energy barriers of a given height in the surface 16) . This results in:
This equation is derived from the assumption that a molecule makes a jump of length λ [m] and has a velocity λν [m・s
] in the right direction given by the probability gd, with ν being the jump frequency [s 
Finally one obtains the permeance in the surface diffusion model:
with ΔHa ΔESD being the energy barrier for diffusing molecules to permeate through the membrane. As can be seen, this has a simple Arrhenius equation form. However, the energy term can be positive or negative, depending on the values of ΔHa and ΔESD. Since the heat of adsorption is a negative quantity, ΔHa is a positive quantity, and if it is larger than the activation energy, the overall exponent can be positive. This would result in permeance decreasing with increasing temperature, and the physical reason would be a decrease in the quantity of adsorbed gas.
4. Gas-translational Mechanism
The gas translational mechanism occurs with small pore sizes when the diffusing gas molecules have enough kinetic energy to escape the surface potential but cannot readily do so because of the presence of a pore wall on the other side. Considering this, a mechanism which is a combination of the Knudsen diffusion model and the surface diffusion model has been pro-posed, called an activated Knudsen diffusion model or gas-translational model (GT model) 17)～19) . Both surface diffusion and gas-translation have contributions from the surface and so are considered surface flow mechanisms. The gas-translation mechanism has been applied to various materials such as Vycor glass 20) and zeolite membranes 16),21) . By introducing a probability for diffusion through the micropore, ρ to the Knudsen diffusion model (Eq. (13)), the following equation is obtained.
The probability, ρ, consists of a pre-exponential, ρg and the kinetic energy ΔE to overcome the diffusion barrier:
Therefore, the permeance can be expressed as:
This equation applies to single gases, and does not consider interactions that block pores. It also assumes that the gas diameter is substantially smaller than the pore diameter, so there are no physical blockage effects.
5. Solid-state Diffusion Mechanisms
Solid-state diffusion occurs with further decrease in the pore size where the gas molecule interacts strongly with the membrane material and its solubility needs to be considered. In this case permeance solubility diffusivity 22 ), 23) .
There are three cases that belong to this class of transport mechanism, permeation through glassy membranes, metallic membranes, and polymeric membranes.
5. 1. Glassy Membranes Mechanism
For solid-state permeation in glasses (e.g. silica) the molecules permeating through the solid are considered to reside in solubility sites and to be in equilibrium with the gaseous state. The gas molecules in the solubility sites rock at a characteristic vibrational frequency and have to surmount a potential barrier to move to an adjacent solubility site. The behavior of the gas molecules is similar to that in the surface diffusion, but the notion of pore has lost its meaning here. For gas diffusion in fused silica, a statistical model 22) of monatomic gas diffusivity gives:
hv kT hv kT hv kT hv
where DSS is the solid-state diffusivity, k is Boltzmann's constant, h Planck's constant, d the distance between sorption sites in the structure, T the absolute temperature, ν the vibrational frequency of gas molecules in the sorption sites, ν the vibrational frequency at the doorway sites, R the gas constant, and ΔESS is the activation energy of diffusion. The solubility, S [mol ・m where m is the mass of the molecule, NS the number of solubility sites available per m 3 of glass volume, NA Avogadro's number, and E(0) is the binding energy of the physically dissolved gas molecule in an interstitial sorption site. The solid-state permeance is obtained by using these two equations including the thickness of the separation layer, L [m]:
where the ΔESS is the activation energy for the permeation. In the case of polyatomic molecules, a rotational factor is also needed to express the state in the solubility site. The final equation is presented below 24) :
where σ is the symmetry number of the diffusing molecules and I the moment of inertia. The value σ 2 applies in the case of hydrogen, and the exponent, α, accounts for incomplete loss of rotation.
5. Metallic Membranes Mechanism
The metallic membrane mechanism occurs where a diffusing species is dissolved in a metal. The most common system is that of hydrogen in palladium and its alloys. The flux of hydrogen in palladium membranes is commonly described by Sieverts' law 25) , 26) , where π is a diffusion coefficient, PF is the feed H2 pressure, PP is the permeate H2 pressure, and the exponent n is 0.5. This accounts for permeance in thick membranes where the limiting process is diffusion of hydrogen atoms across the bulk.
Oftentimes exponents between 0.5 and 1 are observed, and this is because the overall flux is governed by a combination external transport, surface processes, and bulk diffusion 27) . Drioli and coworkers explain that when these steps are taken into account the following equation arises.
Clearly the above expression for the flux accounts for the observed exponents even if an explicit expression for n cannot be obtained.
5. 3. Polymeric Membranes Mechanism
The solution-diffusion mechanism is commonly used to describe permeation in polymers. Wijmans and Baker provide a review 28) . A plot of permeability of various alkanes in a rubbery polymer versus the vapor pressure of the alkanes shows a maximum (Fig. 2 ). An equation presented by the authors for the permeability coefficient of gases provides an explanation.
where Di is the diffusion coefficient, γi is the affinity of the permeant for the gas phase, γi(m) is the affinity of the permeant for the membrane, and pi sat is the saturation vapor pressure.
The results are due to the decrease of both the saturation pressure of the permeant and the diffusion coefficient with increasing molecular weight which create competing effects on the permeability coefficient. In glassy polymers the decrease in diffusion coefficient dominates other effects, but in rubbery polymers the effects are more balanced. For molecular weights up to 100 permeabilities increase because pi sat dominates but above molecular weights of 100 the diffusivity becomes more important. This is illustrated for simple alkanes in a silicone rubber membrane.
Application of Membrane Theory in the Study of Membranes for Hydrogen Production
The previous section provided a summary of the various mechanisms of permeation through inorganic membranes. In the following sections examples will be presented that illustrate the application of membrane theory to the understanding of permeance in membranes. The results obtained with two membranes will be treated in depth to provide tangible examples. The first is a membrane consisting of a γ-alumina layer placed on top of a porous α-alumina support which will be denoted Membrane I. The second is a membrane in which a thin, amorphous silica film is deposited on top of the first membrane, and thus, in which the γ-alumina portion servers as an intermediate layer, which will be called Membrane II. The synthesis of both membranes followed the procedures described by Gu and Oyama 29) , 30) and is presented in the appendix. Briefly, Membrane I utilized a commercial α-alumina support with outer pore size of nominal size 5 nm. The layer of γ-alumina was placed on this support by dip-coating a boehmite sol of particle size 40 nm and then calcining. Membrane II had a permselective silica layer placed on top of the first membrane by chemical vapor deposition of tetraethylorthosilicate at high temperature (873 K). The permeance and selectivity of both membranes are reported in Table 1 . They illustrate the well-known tradeoff between permeance and selectivity.
The application of the membranes is in hydrogen separation. Hydrogen has attracted considerable attention as an energy carrier for next generation energy delivery systems because it emits no carbon dioxide. To realize a hydrogen energy society, it is necessary to develop effective and safe hydrogen production methods, and for this reason membranes are important possibilities that are being considered. Recent reviews are available for palladium 31) and silica 32) membranes which are the most studied hydrogen separation membranes, and the materials will not be covered here. γ-alumina can be discerned as a thin 170 nm layer comprised of particles slightly smaller and darker than the particles of the support. The silica layer at the very top is about 50 nm in thickness. The temperature dependence of the permeance for both Membranes I and II was different and showed dramatic differences (Fig. 4) . For Membrane I with the intermediate alumina layer (Fig. 4 , top set of curves) the permeance was high for all gases and decreased with increasing temperature. For Membrane II, the silica membrane on the alumina substrate (Fig. 4 , bottom set of curves), the overall permeance was lower, and the behavior depended on the size of the species. For the three smallest gas species (He, H2 and Ne) the permeance rose with temperature, while for the other gases the permeance fell with temperature.
1. Permeation in the Intermediate Alumina
Layer The permeance in Membrane I with the intermediate layer (Fig. 4, top) will be considered first. At atmospheric pressure and room temperature, the mean free paths λ of H2, N2 and CO2 are 110, 60 and 55 nm, respectively, calculated from the Eq. (32):
where σ is the collision cross-section [nm 2 ]. Since the SEM results indicate that the pore diameter of the intermediate alumina layer is less than that of the support of 5 nm, λ is large compared to the pore diameter, and Knudsen diffusion is expected to prevail in the intermediate layer.
From Eq. (13), gas transport by the Knudsen mechanism should have an inverse square root dependence on temperature and molecular weight of the diffusing gas molecule. Figure 5 duly demonstrates that the permeance depends on 1 T . Table 2 shows the good agreement between permeance ratio P Pi A small discrepancy is seen with the largest molecules at the lower temperature, with the deviation in the ratio indicating higher permeance of the heavier molecules. This suggests the possible contribution of a surface flow mechanism 33) . Surface flow is expected to increase as the temperature decreases since the adsorption coverage of these larger species on the surface of the pores will increase. This will be discussed later. ・(kg・K) 1/2 ] was obtained. Using this constant the permeance of gas molecules was calculated and the results are shown by the dotted lines in Fig. 4 . Using the geometric parameters of alumina, ε 0.40 34) and τ 2, and the observed value of L 170 nm presented above, dp was estimated to 2.1 nm. This indicates that the intermediate layer is successfully formed on the support decreasing the outer pore diameter from 5 nm in the support to ～ 2 nm.
2. Permeation in the Silica Layer
The permeance of the silica layer can be obtained by subtracting the resistance of Membrane I (with the intermediate alumina layer) from the resistance of Membrane II (with the silica layer on the alumina substrate):
The temperature dependence of the permeance is shown in Fig. 6 . The permeance of Membrane I is greater than two orders of magnitude than Membrane II for all gases, so the results are not greatly different from those of Fig. 4 . Thus, the silica layer controls the permeance in Membrane II and the results on the silica layer are in essence those of that membrane. The data again displays a broad divergence in gas transport between small molecules (He, H2 and Ne) and large molecules (CH4, N2, CO2 and SF6), which have different kinetic diameters 35) . First the data for the small molecules will be discussed. The order of permeance He H2 Ne is strange because it does not follow neither mass nor kinetic diameter. This is contrary to established mechanisms in porous materials. However, the results can be explained by the solid-state permeation mechanism for glassy materials.
The gas permeance on the silica layer was analyzed using the solid state diffusion model (Eq. (27) ). The silica layer thickness, L used for the calculation was 50 nm as obtained from the SEM data (Fig. 3) . For the jump distance, d 0.8 nm 36) was used. The vibrational frequency, ν , of each gas species, the activation energy for solid-state permeation, ΔESS, and the number of solubility sites, NS, available for each gas species were calculated. The model fitting was again carried out using the Levenberg-Marquardt method. The fitting results are shown by the dotted lines in Fig. 6 . There is excellent agreement between the model analysis and the experimental data for the He permeance and very good agreement in the H2 and Ne permeance except at 293 K. The best-fit parameter values are summarized in Table 3 . The overall fits are very good with an average regression coefficient of 0.990. An inverse relation is found between the vibrational frequency with order of H2 He Ne and the molecular weight. This can be easily understood from a classical oscillator model since heavier molecules will have smaller vibrational frequency. On the other hand, the activation energies were in the order of decreasing kinetic diameter. This also can be understood, as molecules with large kinetic diameter face a large barrier to squeeze through the silica rings. Finally the number of solubil- ity sites NS is largest for the smallest species. This is because on average there will be more sites capable of accommodating the smaller molecules. In summary, the solid-state diffusion model was able to account for gas transport in the silica layer with physically realistic parameters of ν , NS and ESS. The slight deviation of the experimental data in the H2 and Ne permeance at 293 K from the calculations is attributed to the contribution of surface flow. This will be discussed later. The structure of vitreous silica has been described as a disordered form of β-cristobalite that contains 5, 6, 7, and 8 membered rings with size approximately 0.3 nm in diameter 37)～40)
. The silica layer in this work probably has a similar structure, and this explains the preferred selectivity of this membrane for small gas molecules over large molecules. However there are probably a small number of small pores (defects) through which even large molecules can pass. Gas transport of large molecules occurs through these pores, while transport of small molecules is dominated by solid state diffusion through the silica.
For the large molecules, permeance decreases with temperature. A likely explanation for this result is that there are a few small pores in the silica layer and that the large molecules can permeate through a surface flow process such as surface diffusion (Eq. (19)) or gastranslation (Eq. (20)). The data were plotted in Arrhenius fashion in Fig. 7 . The value of P0 and the activation energy for permeation ΔHa ΔESD were obtained from the Arrhenius plot and the values are given in Table 4 . The fit is reasonably good with an average regression coeffient of 0.980.
Usually the activation energy for surface diffusion is about one-half that of the heat of adsorption, so ΔESD is small, and the overall activation energy for permeation ΔHa ΔESD is considered to be proportional to the heat of liquefaction (or heat of vaporization ΔHvap). Table 4 also includes ΔHvap values of gases. Although there is general agreement in the trend of ΔHa ΔESD and ΔHvap for CH4, N2, and SF6, CO2 deviates. Since CO2 is a condensable gas and likely to move by surface diffusion, this deviation indicates that the mechanism of permeation is not surface diffusion. Furthermore the most condensable gases CO2 and SF6 have the lowest permeance, which is evidence against surface diffusion. Thus, although the Arrhenius plot data fit theoretical expectations (Eq. (19) ), the conclusion is that surface diffusion is not the mechanism of permeation for these large gases.
It is noted that the order of permeance of the four large gases is CH4 N2 CO2 SF6, which is in the order of molecular weight. Therefore, a mass dependence needs to be considered and this is provided by the gas-translation (GT) mechanism, a combination of Knudsen diffusion and surface diffusion. In this case Eq. (22) a) The heat of liquefaction of CO 2 was calculated by the extrapolation of the difference between the enthalpy of liquid and vapor to 1 atm.
The values of the parameters for the gas-translation model analysis are given in Table 5 . There was very good fit to the experimental values as shown in Fig. 8 . The average regression coefficient was 0.993, which was higher than that obtained with the Arrhenius fit. Now for the small molecules H2 and Ne, the increase in the permeance at 293 K noted earlier can now be explained as originating from a contribution of gastranslation through the small pores. This is supported by the fact that the experimental results at 293 K are different from the other four higher temperatures in Fig. 6 . The overall gas transport is summarized in Fig. 9 .
To summarize, the structure of Membrane II can be viewed as consisting of a silica layer about 50 nm in thickness deposited on an α-alumina support with an intermediate γ-alumina layer. The alumina support and intermediate layer constitute Membrane I. The intermediate layer has pores of diameter about 2 nm and the underlying support of diameter 5 nm. The permeation mechanism through these pores is by Knudsen diffusion. The silica portion shows anomalous results for the permeation of He, H2, and Ne, because the order does not follow mass or species size, and this gives strong evidence for the solid-state diffusion mechanism. Thus, the silica membrane does not have pores, but a network of solubility sites, and permeance of the small gases occurs by jumps between adjacent sites. The silica layer also has a small number of small pores which allow the passage of the larger species, CH4, N2, CO2, and SF6. The temperature and mass dependence of permeance there suggests that the mechanism of transport in these small pores is by gastranslation.
Very recently, the group of Tsuru proposed a novel method for the determination of pore size which they call a normalized Knudsen-based permeance (NKP) derived from the GT model 19) . The NKP, f, is the ratio of the permeance of a target component to that predicted from a reference component (He) based on the Knudsen diffusion mechanism (Eq. (35)). The quantity
P M M i
He He is the permeance of the target component predicted from the He permeance under the Knudsen diffusion mechanism. Therefore NKP indicates the ratio of permeance between experimental values and predicted values from He by Knudsen diffusion. If the NKP equal 1, the target component behaves according to the Knudsen mechanism. With proposed assumptions including that the activation energies E are the same for any type of gas, the following equations were obtained. Using these, the pore size of the membrane, dp, could be estimated. From the results, dp was numerically fitted using Eq. (36) to be 0.34 nm, which is comparable to that of a sol-gel silica membrane from TEOS 11), 19) . Although the method can be used for the data obtained here, and gives a reasonable estimate of the pore diameter, if there were pores. Indeed, previous work showed that a critical size cutoff for permeance of molecules of different size was about 0.3 nm 24) . However, for the reasons outlined above, the silica material is best viewed as not containing classical pores. If it did, the strange order of permeance He H2 Ne, which does not follow mass or species size, could not be explained. Instead, it is best to consider that the amorphous silica network has solubility sites formed by cavities in the siloxane network, and that transport occurs by jumps of the permeating species between these solubility sizes which are of size about 0.3 nm in diameter and are spaced about 0.8 nm apart. This view accounts for the temperature, mass, and kinetic diameter dependence of the permeance and gives physically realistic values for the transport parameters, such as number of solubility sites, activation energies, and jump frequencies.
Appendix

1. Fabrication of Membranes
The silica membrane used in this study consisted of three layers, an α-alumina support, a γ-alumina intermediate layer, and a silica layer. A porous α-alumina tube (Membralox, Pall Corp., i.d. 7 mm, o.d. 10 mm, length 2.8 cm) with a nominal outer pore size of 5 nm was used as a support. For use it was connected to nonporous γ-alumina tubes at both ends with ceramic joints. The ceramic joints were made with a glass paste fired at 1273 K for 0.5 h.
The intermediate layer was formed by the dip-coating of boehmite (AlOOH) sols. The boehmite sols were derived from the hydrolysis of aluminum alkoxides and their subsequent acid peptization. A quantity of 0.20 mol of aluminum isopropoxide was added to 300 mL of distilled water at room temperature. The mixture was quickly heated to 353 K and stirred on a magnetic stirrer for 0.5 h at 353 K for the hydrolysis of the isopropoxide and the formation of a boehmite precipitate. A quantity of 0.030 mol of acetic acid was added to the precipitate and was refluxed at the same temperature for 22 h to get a clear sol. During this step, the precipitate was peptized by acid to form small colloidal particles. The dipping solution was fabricated by mixing the obtained sols with polyvinyl alcohol solution and distilled water to obtain a 0.15 M (1 M 1 mol ・dm -3 ) concentration of the sol and a 0.35 wt% concentration of PVA. The mean diameter of the obtained sol in the dipping solution was measured by dynamic light scattering with a particle size analyzer (HORIBA, LB-550) and was found to be 40 nm (Fig. 11) . The alumina tube was wrapped in PTFE seal tape so that the intermediate layer was placed only on the inside of the tube and was dipped into the dipping solution for 10 s. After drying the sol in air for some days, the membrane tube was heated to 923 K in air at a rate of 1 K・min -1 and calcined for 3 h. During the whole experiment, every heating and cooling step was conducted at the rate of 1 K・min Fig. 12 , and the CVD process parameters are listed in Table 6 .
2. Permeation Measurement
Gas permeation measurements were conducted with various gases (H2, He, Ne, N2, CH4, CO2 and SF6) in the temperature range of 293-873 K. The measurement gas was introduced to the inside of the membrane tube through one end of the tube with the other side of the tube was closed. The gas permeated to the outside of the membrane tube and the flow was measured by a soap film flow meter (HORIBA, SF-1U/2U). For very low flow rates a sweep gas at a set flow rate was used and the concentration of the permeate was measured by a gas chromatograph to obtain the permeate flow rate. The permeance of each gas was calculated using the following expression.
where Pi is the permeance [mol ・m 
Conclusions
The main permeance mechanisms of gas transport through solid membranes were described. These included the Hagen-Pouiselle, Knudsen, surface diffusion, gas-translation, and solid-state permeation mechanisms. The applicability of each mechanism tracked with the relative size of the permeating molecules and the pore diameter of the membrane. The mechanisms were illustrated through examples of gas permeation through two membranes, an alumina based-material with moderately large pores and a silica-based material with a dense structure. Gas transport through the alumina material was well described by Knudsen diffusion. Gas transport through the silica membrane required a combination of a statistical solid-state diffusion and a gas-translational mechanism. Values for vibrational frequencies, solubility site densities, and activation energies were physically realistic and explained the experimental results. 
